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transcriptional response and G1, S phase, and G2 arrest
in response to DNA damage. While little is known about
the pathway downstream of ATM in mammals, the MEC1
pathway is better understood. In response to DNA dam-
age and replication blocks, the Rad53 protein kinase
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is phosphorylated and activated in a MEC1-dependentBaylor College of Medicine
manner (Sanchez et al., 1996; Sun et al., 1996). Rad53Houston, Texas 77030
is required for all transcriptional and cell cycle arrest
responses (Allen et al., 1994; Weinert et al., 1994). Down-
stream of Mec1 and Rad53 is the Dun1 protein kinaseSummary
that is also activated in response to DNA damage (Zhou
and Elledge, 1993, Allen et al., 1994) and is required forWe have identified the yeast CRT1 gene as an effector
the transcriptional response.of the DNA damage and replication checkpoint path-
Over 20 DNA replication block or damage-inducibleway. CRT1 encodes a DNA-binding protein that re-
genes have been identified in S. cerevisiae (Friedbergcruits the general repressors Ssn6 and Tup1 to the
et al., 1995). The best studied transcriptional targets arepromoters of damage-inducible genes. Derepression
the genes encoding ribonucleotide reductase, RNR1,of the Crt1 regulon suppresses the lethality of mec1
RNR2, RNR3, and RNR4 (reviewed in Elledge et al., 1993;and rad53 null alleles and is essential for cell viability
Huang and Elledge, 1997). The induction of these andduring replicative stress. In response to DNA damage
other genes controlled by the checkpoint pathway areand replication blocks, Crt1 becomes hyperphosphor-
thought to facilitate DNA synthesis or different aspectsylated and no longer binds DNA, resulting in transcrip-
of DNA repair. Although much is known about the path-tional induction. CRT1 is autoregulated and is itself
way upstream of Dun1, little is known concerning theinduced by DNA damage, indicating the existence of
actual mechanism of transcriptional induction.a negative feedback pathway that facilitates return to
Both positive (damage-uninducible [DUN]) and nega-the repressed state after elimination of damage. The
tive (constitutive RNR transcription [CRT]) regulators ofinhibition of an autoregulatory repressor in response
DNA damage inducibility exist (Zhou and Elledge, 1992,to DNA damage is a strategy conserved throughout
1993). The CRT genes fall into two classes. Mutationsprokaryotic and eukaryotic evolution.
in genes of the first class activate the transcriptional
response by generating an endogenous DNA damageIntroduction
signal, and the resulting mutants are sensitive to DNA
damaging agents. This class includes CRT3/RNR4,Eukaryotic cells respond toDNA damage and replication
CRT5/POL1/CDC17, CRT6/RNR2, CRT7/RNR1, and CRT9/blocks by inducing the transcription of a set of genes
TMP1/CDC21 (Zhou and Elledge, 1992; Huang andthat facilitate DNA repair and by arresting the cell cycle.
Elledge, 1997, and this paper). CRT1, CRT4/TUP1, andIn mammals, cell cycle arrest in G1 is mediated by the
CRT8/SSN6 fall into a separate class because their re-transcriptional activation of DNA damage-inducible genes
spective mutants are not damage-sensitive. SSN6 andthrough the actions of the ATM and p53 tumor suppres-
TUP1 encode general repressor proteins that are re-sor genes. p53 is a transcription factor that is activated
cruited to particular promoters by sequence-specificin response to DNA damage and causes either G1 cell
DNA-binding proteins (Tzamarias and Struhl, 1995). Howcycle arrest or, in some circumstances, apoptosis (re-
the DUN and CRT genes cooperate to allow transcrip-viewed in Levine, 1997). p53 causes G1 arrest in part
tional activation of genes in response to DNA damageby activating the expression of p21Cip1, an inhibitor of
is a central issue in the DNA damage response pathway.G1 cyclin-dependent kinases (Brugarolas et al., 1995;
In this paper we describe the isolation and analysisDeng et al., 1995). Although p53 controls transcription
of the CRT1 gene whose product binds specificallyof a number of genes, the majority of DNA damage-
to sequences in the promoters of the RNR genes andinducible genes are regulated through p53-independent
mediates the repression conferred by the Tup1±Ssn6mechanisms that have yet to be fully elucidated (Fried-
corepressor complex by directly binding to Ssn6. Analy-berg et al., 1995).
sis of crt1 mutants revealed that the DNA replicationAtm and a closely related protein, Atr, form a distinct
block checkpoint pathway induces transcription primar-subfamily of PI kinases that are structurally and, in some
ily through alleviation of Crt1-mediated repression, whilecases, functionally conservedamong eukaryotes includ-
the DNA damage checkpoint operates throughboth Crt1ing mammals, D. melanogaster, S. pombe, and S. cere-
and a Crt1-independent mechanism.visiae (reviewed in Elledge, 1996). In S. cerevisiae, two
genes, TEL1 and MEC1, are closely related to ATM and
ResultsATR, respectively. MEC1 appears to carry out the major-
ity of checkpoint functions, being required for both the
CRT1 Is Downstream of DUN1 in the DNA
Damage Signaling Pathway*To whom correspondence should be addressed.
To search for downstream effectors of the DNA damage²These authors contributed equally.
signaling pathway, epistasis analysis was performed be-³Present address: Department of Biology, Massachusetts Institute
of Technology, Cambridge, Massachusetts 02139. tween dun1 and crt mutants. We found that the CRT5/
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Figure 1. Molecular Characterization of the
CRT1 Gene and Its Interactions with TUP1-
SSN6
(A) CRT1, TUP1, and SSN6 mediate repres-
sion through the same cis element, D1, in the
RNR2 promoter. b-galactosidase assays of
the a1UAS-D1-lacZ reporter construct were
performed on wild-type, crt1, tup1, and ssn6
mutant cells, and results are presented plus
or minus the standard deviation. Strains
used: wild type, Y203; crt1, Y211; tup1, Y217;
ssn6, Y231.
(B) Position of CRT1 on chromosome XII.
Arrows indicate the direction of transcription.
The position of the replacement of the CRT1
coding sequence with the LEU2-Kmr cassette
for the crt1-D100 allele is indicated .
(C) Alignment of the DNA-binding domains of
Crt1 and three human RFXproteins. Identities
and similarities are indicated as black boxes.
(D) CRT1 overproduction blocks RNR3 induc-
tion in a TUP1-SSN6±dependent manner. All
strains shown contain the integrated RNR3-
URA3 reporter construct. The growth charac-
teristics of the Crt2 and Dun2 phenotypes
are listed on the left. Overproduction of CRT1
produces a Dun2 phenotype in which the
RNR3-URA3 gene fusion is uninducible by
HU, thereby allowing strains to grow in the
presence of 5-FOA, a chemical that is metab-
olized into a toxic compound by the Ura3 pro-
tein. The circles on the right indicate the rele-
vant genotypes of the strains located on each
plate. Strain used were as follows: WT, Y203;
crt1, Y211; tup1, Y217; ssn6, Y231; dun1,
Y290. The plasmids used were as follows:
vector, pRS413 (top panel) or pRS423 (bot-
tom panel);CRT1, pZZ151; 2m CRT1, pZZ152.
(E) Crt1 binds Ssn6-Tup1 in vitro. Two micro-
grams of GST-Crt1 was incubated with 35 ml
of in vitro translated 35S-methionine-labeled
Tup1 (lane 1), Ssn6 (lane 2), or Ssn6 plus Tup1 (lane 3) proteins. Five microliters of each sample was added in the input lanes. In vitro translated
Dun1 protein was used as a negative control in a separate experiment (lanes 10 and 11).
POL1, CRT7/RNR1, and CRT9/TMP1 genes act up- three genes might directly mediate repression of RNR2
expression through sequences within D1.stream of DUN1. In contrast, CRT1, CRT4/TUP1, and
CRT8/SSN6 are epistatic to DUN1 (see Experimental
Procedures).
CRT1 Encodes a Homolog of the Mammalian
RFX Family of DNA-Binding ProteinsCRT1, TUP1, and SSN6 Mediate Strong Repression
on the RNR2 Promoter through CRT1 was cloned by complementation of the Crt2 phe-
notype of crt1-111. DNA sequence analysis of a 3.0the Same cis Elements
CRT1, TUP1, and SSN6 mutants exhibit the strongest kb complementing fragment revealed a functional open
reading frame of 771 amino acids (see Experimentalderepression of the expression of both RNR3 and RNR2
(Zhou and Elledge, 1992). To determine whether they Procedures). CRT1 is located on chromosome XII be-
tween CBF5 and SWI6 (Figure 1B).act through any specific cis elements, we tested the crt
mutants with a reporter plasmid pZZ20, which contains Crt1 is homologous to the mammalian RFX family of
DNA-binding proteins. RFX proteins share several highlya 42 bp element (D1) from the RNR2 promoter which
has previously been shown to be critical for the tran- conserved regions including the domains required for
DNA binding and dimerization (Reith et al., 1990, 1994).scriptional response to damage (Elledge and Davis,
1989). D1 was inserted between the upstream activating The most conserved region between Crt1 and RFX pro-
teins is the DNA-binding domain (45% identity and 68%sequence of the a1 gene (a1UAS) and the CYC1 basal
promoter and confers an 87-fold repression and a 5-fold similarity out of 73 amino acids, Figure 1C). Crt1 also
shares extensive homology with RFX proteins in theinducibility by 100 mM HU upon the CYC1 promoter
(Figure 1A). Although most crt mutants elevated lacZ N-terminal one-third of the dimerization domain and the
B and C boxes (data not shown), two regions of unknownactivity (by 2- to 5-fold, data not shown), only crt1, crt4/
tup1, and crt8/ssn6 mutants exhibit strong derepression function. The DNA-binding domain of the RFX proteins
represents a novel DNA-binding motif (Reith et al.,1990),of D1 (24- to 132-fold, Figure 1A), suggesting that these
Crt1 Is a DNA Damage Checkpoint Effector
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and Crt1 is the only S. cerevisiae gene containing this
motif.
Derepression of the Crt1 Regulon Is Essential
for Survival under Replicative Stress and
Can Provide the Essential Function
for Two Checkpoint Genes,
MEC1 and RAD53
We generated crt1 null mutants by transplacement (Fig-
ure 1B, see Experimental Procedures). CRT1 is nones-
sential, and crt1D-100 haploids show no growth defects.
CRT1/crt1D-100 diploids containing an integrated copy
of URA3 under RNR3 promoter controlgrow weakly both
on SC-Uracil plates and on plates containing 5-FOA,
indicating that RNR3-URA3 is not completely repressed
and that CRT1 is haploinsufficient (data not shown).
Furthermore, CRT1 overproduction on a 2 mm plasmid
(pZZ152) repressed the HU inducibility of RNR3 and
resulted in a Dun2 phenotype, indicating that Crt1 levels
are critical for RNR regulation (Figure 1D).
To determine the physiological significance of the
CRT1 regulatory pathway, we took advantage of the
fact that Crt1 levels are critical for the transcriptional
response and specifically turnedoff this regulatory path-
way by overproducing Crt1. Overexpression of CRT1
resulted in lethality in pol1, rnr1, and rnr2 mutants (Fig-
ure 2A), indicating that derepression of theCRT1 regulon
is essential for survival under replicative stress. Further-
more, overexpressing CRT1 also caused lethality in
rad53 and mec1 checkpoint mutants (Figure 2A), whereas
Figure 2. CRT1 Plays a Critical Role under Replicative Stress anddeletion of CRT1 rescued the lethality of null mutants
Can ProvideEssential Function for the DNA Damage and Replicationof MEC1 and RAD53 (Figure 2B). This indicates that
Checkpoint Pathway
CRT1 can provide the essential function for the MEC1-
(A) Overexpression of CRT1 is lethal in rnr1, rnr2, pol1, rad53, and
RAD53 checkpoint pathway and is therefore a critical mec1 mutants. Strains used: rnr1, Y585; rnr2, Y586; pol1, Y587;
component of the checkpoint response. rad53, Y301; mec1, Y306, wild-type, Y300. SC-Uracil media was
used to select for the presence of the vector (pBAD102) and pGAL-
CRT1 (pMH183) plasmids.
Crt1 Interacts with the Ssn6±Tup1 (B) Deletion of CRT1 rescues the lethality of rad53 and mec1 null
Corepressor Complex mutants. Strains used: top left, Y324; top right, Y583; bottom left,
The Ssn6±Tup1 corepressor complex is involved in tran- Y582; bottom right, Y584. Relevant genotypes are shown in the
circle. The upper two rad53 strains contain pJA92 (RAD53 URA3),scriptional repression of many genes through interac-
and the bottom two mec1 strains contain pBAD45 (MEC1 URA3).tions with distinct sequence-specific DNA-binding pro-
The presence of 5-FOA selects for loss of the URA3 containingteins (Tzamarias and Struhl, 1995). The finding that Crt1
plasmids. Suppression of mec1D and rad53D by crt1D is also clearly
possesses an RFX-related DNA-binding domain and observed using tetrad analysis of heterozygous diploids (data not
that it represses RNR2 transcription through the same shown).
cis element as TUP1 and SSN6 suggests that Crt1 prod-
uct may be the factor that recruits the Ssn6±Tup1 core-
pressor complex to the promoters of the RNR genes. Tup1 molar ratio in lane 3 is 1 to 3.2 when the relative
methionine contents are taken into account. Tup1 andCRT1 overexpression is incapable of repressing RNR3
in ssn6 and tup1 mutants (Figure 1D), consistent with Ssn6 have been shown to form a complex composed
of one Ssn6 and four Tup1 subunits (Varanasi et al.,the hypothesis that Crt1 functions together with Ssn6
and Tup1. To test whether Crt1 directly interacts with 1996), providing an explanation for the observed stoichi-
ometry. These results suggest that Crt1 mediates re-Tup1 or Ssn6, a bacterially expressed glutathione-S-
transferase(GST)-Crt1 fusion protein was incubated with pression by recruiting Ssn6±Tup1 complexes to target
promoters.in vitro translated Tup1 and Ssn6. Crt1 specifically binds
to both Tup1 and Ssn6, pulling down 3% of Tup1 and
8% of Ssn6 from total input (Figure 1E, compare lanes Crt1 Is an X Box±Specific DNA-Binding Protein
The mammalian RFX family proteins were identified1, 2, 7, and 8). In a control experiment less than 0.5% of
in vitro translated Dun1 is bound by GST-Crt1, indicating based on their binding activity to a highly conserved
DNA sequence of 13 nucleotides, the X box, found inthat the Crt1-Ssn6/Tup1 interaction is specific. When
Tup1 and Ssn6 are cotranslated, significantly more Tup1 the promoters of all MHC class II genes (Reith et al.,
1990). The conserved DNA-binding domains between(8% of total input) is bound by GST-Crt1, probably due
to Tup1's interaction with Ssn6 (lane 3). The Ssn6 to the Crt1 and RFX proteins suggest that they may bind to
Cell
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similar DNA sequences. We identified an X box±related
sequence in the D1 element of RNR2 promoter, in which
9 out of 13 bases were identical to the MHC class II X
box (Figure 3A). In vitro translated Crt1 specifically binds
to the D1 element (Figure 3D). A 25-fold excess of un-
labeled double-stranded X box oligonucleotides effi-
ciently competed for Crt1 binding, whereas a 2000-fold
excess of nonspecific competitor did not. A weaker X
box±related sequence is the only other site in the RNR2
promoter capable of binding Crt1 (Figure 3C). The multi-
ple bands in the band shift assay may be due to multi-
merization of the Crt1 protein. We observed strong bind-
ing between GST-Crt1 and in vitro translated Crt1 (data
not shown), consistent with the sequence homology be-
tween the dimerization domains of the RFX proteins and
Crt1.
To determine the sequence specificity of Crt1, a set
of X-box mutant oligonucleotides was used to compete
for Crt1 binding to D1. Four positions known to be im-
portant for RFX binding (Reith et al, 1990) were individu-
ally mutated (Figure 3A). The wild-type X-box oligonu-
cleotide efficiently competes with D1 when present at
50-fold molar excess, reducing Crt1 binding to 4%.
Mutations 460 and 464 almost completely abolished the
ability of X-box oligonucleotides to compete for Crt1-
D1 binding, leaving 90% and 72% of Crt1-D1 binding
intact, respectively. Mutations 463 and 466 significantly
reduced the Crt1 binding ability of the mutant oligonu-
cleotides, leaving 20% and 55% of Crt1-D1 binding in-
tact, respectively (Figure 3D). These data indicate that
the RNR2 X box is the core sequence for Crt1 binding.
Identification of Multiple X Boxes in the Promoters
of the RNR and CRT1 Genes
We have identified multiple X box±related sequences
in the promoter regions of RNR2, RNR3, RNR4, and,
surprisingly, CRT1 (Figures 3B and 3C). Each promoter
has one strongly conserved X box (strong X box or Xs)
and one (RNR3 has two) less conserved X box (weak X
box or Xw), located 50 to 70 bp apart (Figure 3C) in
opposite orientations. To test their Crt1 binding affinity,
double-stranded oligonucleotides containing these ele-
Figure 3. Crt1 Binds to X-Box Sequences in the Promoters of the
ments and their flanking sequences were used as unla- RNR and CRT1 Genes
beled competitors in Crt1-D1 band shift assays. Figure
(A) Sequence alignment of the X box from RNR2 promoter and the
3E shows that these elements display different abilities consensus X box of HLA-DRA, and the sequences of the mutant
to compete against Crt1-D1 binding, with the following oligonucleotides used as competitors in the band shift assays in
(D), with mutated residues in lower case.order: RNR2-Xs. CRT1-Xs.RNR3-Xs.RNR3-Xw1.
(B) Sequence alignment of the X boxes identified in the promotersRNR2-Xw.RNR3-Xw2.CRT1-Xw.
of the RNR and CRT1 genes.
(C) The positions of the X boxes in the promoters of RNR2, RNR3,
RNR4, and CRT1. The numbers indicate the distance from the trans-X Boxes Mediate Crt1-Dependent Repression
lational start (ATG) of each gene. The arrows indicate the orientationof RNR3 In Vivo
of the X box.To examine the roles of the X boxes in transcriptional
(D) DNA binding by Crt1. Crt1-D1 binding was carried out as de-
regulation in vivo, we chose a RNR3-lacZ reporter plas- scribed in Experimental Procedures. The D1 element from RNR2
mid for promoter activity analysis. The three RNR3 X was used as 32P-labeled probe. Unlabeled double-stranded oligonu-
boxes were mutated individually and in combination, cleotides containing wild-type or mutated X-box sequences from
the RNR2 promoter were used as competitors. The number on topchanging the last four nucleotides from CAAC to AAAA.
of each lane is the fold of molar excess of unlabeled competitorsThese four bases are conserved in all X boxes, and the
in each reaction. Poly (dI-dC) was used in 2000-fold excess as atwo mutated bases are crucial for Crt1 binding (Figures
nonspecific competitor.3A and 3D). Deletion of CRT1 elevates the basal level (E) Determination of the strength of Crt1-X box associations. Same
of RNR3-lacZ over 25-fold (Table 1). Individual mutations as described in (D) except that unlabeled double-stranded oligonu-
in the strong X box and the two weak X boxes elevate the cleotides containing strong (Xs) or weak (Xw) X boxes from RNR2,
RNR3, and CRT1 promoters were used as competitors.basal level by 5-fold and 1.4- to 1.7-fold, respectively,
Crt1 Is a DNA Damage Checkpoint Effector
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Table 1. X Boxes in the RNR3 Promoter Confer CRT1-Dependent Repression
b-galactosidase Units (Mean 6 SD)
X-Box Mutations in
Strain Genotype RNR3 Promoter* Untreated 150 mM HU 0.01% MMS
Y577 crt1D None 50.6 6 0.7 58.5 6 2.4 256 6 61
Y577 crt1D XsXw1Xw2 47.6 6 5.0 ND ND
Y300 CRT1 None 1.9 6 0.0 9.6 6 0.3 135 6 41
Y300 CRT1 Xw1 3.3 6 0.2 14.0 6 2.0 136 6 32
Y300 CRT1 Xw2 2.7 6 0.0 12.2 6 2.4 115 6 18
Y300 CRT1 Xs 9.6 6 2.2 22.1 6 1.0 183 6 30
Y300 CRT1 Xw1Xw2 8.6 6 2.2 19.1 6 6.1 227 6 41
Y300 CRT1 XsXw1Xw2 34.4 6 1.3 39.0 6 1.0 245 6 72
Cells were grown to mid-log phase, treated with 150 mM HU or 0.01% MMS for 4 hr, and harvested for b-galactosidase assays. The values
given represent the average of duplicate or triplicate cultures for each strain. SD, standard deviation. *Mutations were introduced into the
strong X box (Xs) and two weak X boxes (Xw1 and Xw2) on the RNR3 promoter as described in Experimental Procedures. ND, not determined.
whereas simultaneous mutations of all three X boxes induction profile of CRT1 differs slightly from that of
RNR3. The optimal MMS dose for RNR3 inductionelevated the basal level by 17-fold, comparable to the
level in crt1 mutants. These results suggest that these (0.015%) results in a 50-fold increase but only causes
a 2-fold increase of CRT1 transcription. Upon 0.1% MMSX boxes are the sites through which Crt1 represses
RNR3 transcription in vivo, and that the induction by treatment, CRT1 is maximally induced, but RNR3 induc-
ibility is 35-fold (Figure 4B). These results suggest thatDNA damage or replication block signals may be medi-
ated by derepression. The inducibility by HU treatment the extent of repression of CRT1 is tighter than that of
RNR3 and is consistent with the relative strength ofin wild-type cells seems to be mediated solely through
CRT1 because either the crt1 deletion or the triple X-box X-box sequences within these promoters. The timing
of CRT1 and RNR3 induction upon DNA damage andmutation results in loss of HU inducibility. In contrast, the
induction by MMS appears to involve not only CRT1 but replication blocks is also different, with the CRT1 peak
lagging approximately 30 min behind the RNR3 peakalso other genes, since it is not completely abolished
in crt1D or X-box mutants. (Figure 4C). In addition, CRT1 inducibility is dependent
upon theMEC1, RAD53, and DUN1 kinase genes (Figure
4A), indicating a feedback loop in these pathways. TheX Boxes Confer Repression and HU Inducibility
residual CRT1 inducibility with MMS treatment may re-upon a Heterologous Promoter, Implicating
flect the fact that the mec1 and rad53 alleles used areCrt1 in Signal Transduction
partial loss of function mutants. However, the residualTo determine whether Crt1 has a role in signal transduc-
inducibility in the dun1 null mutant is likely to reflecttion, X-box sequences were inserted between the two
redundancy in the induction pathway.UAS sequences and the TATA box of the promoter of
the CYC1-lacZ reporter gene in pLGD312S (Guarente
and Hoar, 1984). The CYC1 promoter alone exhibited The Crt1 Protein Is Phosphorylated in Response
no HU inducibility. Insertion of four X boxes of either to DNA Damage and No Longer Binds
orientation into the CYC1 promoter conferred up to X Boxes, Providing a Mechanism
1000-fold repression and 8- to 24-fold HU inducibility, for Transcriptional Induction
varying in different strain backgrounds (Table 2). The To detect the CRT1 gene product, we tagged it with
repression is dependent on SSN6 and CRT1, since it Myc epitopes and placed it under the control of the
was relieved by 50- to 80-fold in ssn6 and crt1 mutants. GAL1 promoter. The Crt1-Myc fusion protein migrates
The SSN6-independent repression is likely to result from as several bands or a broad band. A slower-migrating
the alteration of spacing within the CYC1 promoter itself Crt1 protein was observed from cells treated with HU
due to X-box insertion, although the possibility of re- and MMS (Figure 5A). The mobility change was more
cruitment of additional transcriptional regulators by the apparent in MMS-treated cells, and this was converted
introduced sequences cannot be eliminated. The HU to faster-migrating forms with phosphatase treatment
inducibility is dependent on DUN1, RAD53, and MEC1, (Figure 5B). Thus, Crt1 is phosphorylated to different
indicating that it requires the same signaling pathway extents upon DNA damage and replication blocks. Crt1
that controls RNR inducibility (Table 2). has a basal level of phosphorylation in the absence of
damage (Figure 5B), and this basal phosphorylation is
diminished in mec1, rad53, and dun1 mutants (FigureCRT1 Transcription Is Induced by DNA Damage
The finding that the CRT1 promoter contains X boxes 5C). Furthermore, the MMS-induced Crt1 hyperphos-
phorylation is reduced in dun1 mutants and abolishedsuggested that CRT1 might be repressed under normal
conditions and induced upon DNA damage. Northern in rad53 and mec1 mutants (Figure 5C), indicating that
Crt1 hyperphosphorylation uponDNA damage isdepen-blot analysis confirmed that CRT1 transcription is induc-
ible by DNA damage (Figure 4A). The CRT1 mRNA level dent on the activity of the DNA damage response ki-
nases.is low in the absence of DNA damage (lane 1) and is
induced 2-fold upon treatment with 200 mM HU and To examine the effect of Crt1 modification on its DNA
binding activity, we examined the in vivo association of8-fold with 0.1% of MMS (lanes 2 and 3). The MMS
Cell
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Table 2. X Boxes Confer Repression and HU Inducibility to the CYC1 Promoter through the DNA Damage Signaling Pathway
b-galactosidase Units (Mean 6 SD)
Insert on Fold of Fold of
Strains CYC1 Promoter Untreated HU 150 mM Repression Induction
Wild typea None 626 6 47 337 6 31
4 X-box (antisense) 0.75 6 0.03 12.1 6 3.2 835 16
4 X-box (sense) 1.26 6 0.03 25.2 6 4.3 497 20
ssn6a None 185 6 3 177 6 24
4 X-box (antisense) 14.8 6 1.0 15.9 6 0.3 12.5 1.1
4 X-box (sense) 22.5 6 2.2 17.1 6 0.0 8.2 0.76
Wild typeb None 201 6 47 107 6 17
4 X-box (antisense) 0.60 6 0.00 4.65 6 1.11 335 7.8
4 X-box (sense) 0.83 6 0.22 10.5 6 2.6 242 12.6
crt1b None 68.0 6 15.0 76.1 6 1.0
4 X-box (antisense) 19.0 6 4.1 16.2 6 2.6 3.6 0.85
4 X-box (sense) 21.3 6 6.1 18.8 6 0.2 3.2 0.85
dun1b None 470 6 88 265 6 20
4 X-box (antisense) 0.60 6 0.02 1.02 6 0.03 783 1.7
4 X-box (sense) 1.18 6 0.17 4.05 6 0.22 398 3.4
rad53b None 429 6 71 216 6 56
4 X-box (antisense) 0.63 6 0.01 0.65 6 0.00 680 1.0
4 X-box (sense) 1.23 6 0.02 1.55 6 0.00 349 1.3
Wild typec None 510 6 77 235 6 1
4 X-box (antisense) 0.51 6 0.01 12.3 6 0.0 1000 24.1
4 X-box (sense) 1.41 6 0.03 34.6 6 0.6 362 24.5
mec1c None 168 6 14 149 6 48
4 X-box (antisense) 0.66 6 0.00 2.14 6 0.01 255 3.2
4 X-box (sense) 1.34 6 0.00 2.81 6 0.01 125 2.1
Cells were treated as described in Table 1. awild type 5 MCY829, snn6 5 MCY1974; bwild type 5 Y80, crt1 5 Y577, dun1 5 Y578, rad53 5
Y301; cwild type 5 Y580, mec1 5 Y581.
Crt1-Myc with the X box±containing sequences of the recruitment of the general repressor complex Tup6±
Ssn6. The modification of Crt1 and the change in itsRNR3 and CRT1 promoters by cross-linking and chro-
matin immunoprecipitation assays. Immunoprecipita- DNA binding activity upon DNA damage suggest the
mechanism of derepression, and the presence of Crt1-tion of Crt1-Myc resulted in the retention of X box±
containing sequences of the RNR3 and CRT1 promoters binding sites on its own promoter indicates a role of
CRT1 in feedback control and fine tuning of the DNA(Figure 5D, compare lanes 1 and 2), whereas URA3 was
not retained above the background level observed in damage response.
untagged strains (Figure 5D, compare lanes 1 and 2±6).
Titration of the template DNA indicated that the PCR Crt1 Is a DNA-Binding Protein that Confers
Repression on Damage-Inducible Genesamplification reaction was within the linear range (Figure
5E). The Crt1-associated DNAs from HU- and MMS- through Recruitment of the Corepressor
Complex Tup1±Ssn6treated wild-type cells contain significantly less RNR3
(9- to 11-fold lower) and CRT1 (3- to 5-fold lower) pro- Several lines of evidence suggest that Crt1 functions as
a repressor by recruiting the Tup1±Ssn6 corepressormoter DNA than untreated cells (compare lanes 2 and
3±6). In contrast, when mec1 mutants were treated with complex to the promoters of RNR genes. First, CRT1,
TUP1, and SSN6 confer repression through the X box,HU and MMS, the Crt1-associated RNR3 and CRT1 pro-
moter DNA remains approximately thesame (80%±90%) a binding site for Crt1. Second, X-box mutations dis-
rupting Crt1 binding also eliminate repression. Third, theas that from untreated cells (Figure 5D, lanes 13±15).
Together these results indicate that the X-box binding repression of RNR3 inducibility by CRT1 overexpression
also requires the presence of TUP1 and SSN6. Finally,activity of Crt1 is reduced in a MEC1-dependent manner
upon DNA damage and replication blocks. Such regula- Crt1 binds to Ssn6/Tup1 complexes. These experiments
demonstrate that Crt1 functions through the recruitmenttion at least partly accounts for the transcriptional dere-
pression of the RNR and CRT1 genes. of Ssn6/Tup1 complexes to the promoters of damage-
inducible genes.
Discussion
Crt1 Is a Key Transducer of the Response
to DNA Damage and Replicational StressDNA damage and replication blocks induce the tran-
scription of the DNA damage response genes through To be considered a signal transducer, a protein must
be required for the proper regulation of a pathway anda signaling pathway that is dependent on the Mec1,
Rad53, and Dun1 kinases. In this study, we have shown be somehowaltered in response to the regulatory signal.
For the DNA replication and damage checkpoint path-that three genes identified as negative regulators of RNR
transcription, CRT1, TUP1, and SSN6, function down- way, both Rad53 and Dun1 fulfill these criteria. Crt1 now
joins these proteins as transducing components of thisstream of DUN1 in this pathway. Crt1 binds the promot-
ers of the RNR genes and confers repression through pathway. Crt1 is required for the proper regulation of
Crt1 Is a DNA Damage Checkpoint Effector
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swi6 and swi4 mutants are partially defective in the tran-
scriptional induction of the RNR3 gene (Z. Z. and S. J. E.,
unpublished data; Ho etal., 1997), although it is unknown
whether these proteins are required in a passive manner
for transcriptional induction or whether they are signal
transducers whose activity is regulated in response to
DNA damage.
The significance of derepression of the Crt1 regulon
by the checkpoint pathway is evidenced by the fact
that it is essential for cells undergoing DNA replicational
stress. Cells experiencing suboptimal polymerase a
function or low nucleotide levels require proper Crt1
regulation for survival. Furthermore, Crt1 exhibits a
unique pattern of genetic interactions with checkpoint
mutants. Enforced repression of the Crt1 regulon by
increased Crt1 expression in the hypomorphic rad53-
21 and mec1-21 checkpoint mutants is lethal, indicating
a possible a role for the checkpoint pathway in basal
Crt1 regulon expression in undamaged cells. This is
supported by the observations in Figure 5C in which
the phosphorylation of Crt1 from undamaged cells is
diminished in rad53 and mec1 mutants. Reciprocally,
derepression of the Crt1 regulon can suppress the le-
thality of rad53 and mec1 null mutations. This indicates
that the enhanced repair and replicational capacities
provided by the Crt1 regulon are critical for cell viability
in the absence of other checkpoint functions. In support
of this hypothesis, we have found that the essential
function of MEC1 and RAD53 can be provided by ec-
topic expression of the CRT1-regulated gene RNR3 (B.Figure 4. Induction of CRT1 Transcription upon DNA Damage and
Desany and S. J. E., submitted). These relationshipsReplication Blocks
underscore the key role played by Crt1 in the response(A) CRT1 transcriptional induction by HU and MMS in wild-type (WT),
to DNA damage and replicational stress.dun1, rad53, and mec1 mutants. Individual cultures were grown to
mid-log phase, treated with 200 mM HU or 0.1% MMS for 2 hr at
308C, and harvested for RNA extraction. The numbers at the bottom
indicate the relative intensity of the CRT1 mRNA signal normalized Mechanism of Derepression
to the ACT1 signal. The strains used were as follows: WT, Y80; dun1, The mechanism of Crt1 regulation in response to activa-
Y286; rad53, Y301; WT*, TWY397; mec1, TWY308. The asterisk indi-
tion of the Mec1-Rad53-Dun1 pathway involves inacti-cates the isogenic wild-type strain for the mec1 mutant, which is in
vation of Crt1 by phosphorylation. As Crt1 becomesa slightly different background than the other mutants.
phosphorylated in response to replication blocks and(B) MEC1-dependent transcriptional induction of CRT1 and RNR3
by different doses of MMS. WT*, TWY397; mec1, TWY308. DNA damage, it loses its ability to bind to X-box ele-
(C) Time course of transcriptional induction of CRT1 and RNR3 by ments as measured by cross-linking and chromatin im-
HU and MMS. Wild-type cells, Y80, were incubated with MMS or munoprecipitation assays. This leads to transcriptional
HU, and mRNA samples were taken at the times indicated and
induction as evidenced by the effects of point mutationstreated as in (A). The relative abundance of the CRT1 and RNR3
in the X boxes present on the RNR3 promoter. ThismRNAs is shown below the Northern blots.
mechanism of induction is consistent with the fact that
Crt1 overexpression inhibits RNR3 induction. While DNA
binding is affected, we cannot rule out other additionalRNR genes in response to replication and damage
stress. Furthermore, inclusion of X boxes into heter- modes of regulation. For example, Crt1's ability to bind
its corepressors could also be affected by phosphory-ologous promoters confers Mec1, Rad53, and Dun1-
dependent inducibility upon them. Finally, Crt1 is phos- lation.
The fact that the genes we have examined all havephorylated in response to DNA replication blocks and
DNA damage. This regulated phosphorylation is depen- multiple X boxes provides an important clue to the inner
workings of this tightly regulated response. The pres-dent upon the MEC1, RAD53, and DUN1 genes, just as
is the transcriptional induction signal that is transduced ence of multiple X boxes of different strength within a
promoter could allow a graded response to inducingthrough X-box elements.
Crt1 is the key transducer of the transcriptional re- signal. We envision that as a DNA damage signal is
detected, the Mec1-Rad53-Dun1 kinase cascade is acti-sponse to replicational stress. It is a partial mediator of
the DNA damage signal because MMS can still induce vated to some degree, resulting in the phosphorylation
and inactivation of a portion of the Crt1 pool. As activeresidual RNR3 transcription in a crt1 mutant. Additional
induction signals might come from the positive tran- Crt1 decreases, Crt1 will be depleted from the low affin-
ity X-box sites, allowing a degree of transcriptional in-scriptional elements present in these promoters such as
those that bind Swi6/Swi4 and Mbp1/Swi4 complexes. duction. If the DNA damage signal is stronger or persists
Cell
602
Figure 5. Crt1 Is Phosphorylated in Re-
sponse to DNA Damage and Loses the Ability
to Bind DNA
(A) Crt1-Myc from HU- andMMS-treated cells
migrates more slowly than from untreated (2)
cells. Wild-type cells (Y80) containing pMH190
(GAL-3XMyc-Crt1, URA3 CEN) were grown to
mid-log phase in SC-Ura raffinose media and
induced with 2% galactose for 2 hr before
treatment with HU (200 mM) or MMS (0.1%)
for 2 hr. Protein extracts (150 mg) from each
sample were separated on a 7% SDS-PAGE
gel and immunoblotted with anti-Myc an-
tibody.
(B) Crt1 is a phosphoprotein. Protein extracts
(150 mg) were prepared from MMS-treated
(1) or untreated (2) samples prepared as in
(A) and were treated with 100 units of l pro-
tein phosphatase (PPTase 1) or mock treated
(2).
(C) Crt1 is hyperphosphorylated in response
to DNA damage in a checkpoint-dependent
manner. pMH190 was introduced into the fol-
lowing strains: wild type, Y80; dun1, Y578;
rad53, Y301; mec1, Y306. Crt1 induction,
drug treatment, and immunoblotting were as
in (A).
(D) In vivo association of Crt1-Myc with the
RNR3 and CRT1 promoters is diminished in
HU- or MMS-treated cells in a MEC1-depen-
dent manner. Strains used were Y80 (wild-
type containing an untagged Crt1, lane 1),
Y588 (wild-type, lanes2±12), andY589 (mec1,
lanes 13±18) containing CRT1-12XMYC integrated at the CRT1 locus. Strains grown in YPD were treated with 200 mM HU or 0.02% MMS for
the indicated times. Chromatin solutions were prepared from formaldehyde cross-linked cells and sonicated to an average size of 0.5±1.0 kb.
Immunoprecipitations were performed using the anti-Myc monoclonal antibody 9E10, and samples were amplified with primers specific for
the indicated genes. PCR products were run on 2% agarose gels, Southern blotted, and hybridized with the indicated probes.
(E) Control demonstrating that the PCR reactions in (D) are in the linear range. Serial dilutions of the precipitated and input samples used in
(D) were subjected to PCR as above and visualized with ethidium bromide staining. Lanes 3±5 represent 2.5-fold serial dilutions of the
immunoprecipitated DNA from untreated wild-type cells (equivalent to lane 2 in [D]), and lanes 8±10 are 2.5-fold serial dilutions of the input
DNA (equivalent to lane 8 in [D]). Lanes 1 and 2 represent DNA immunoprecipitated from cells containing untagged Crt1 (equivalent to lane
1 in [D]), and lanes 6 and 7 are the corresponding input DNAs (equivalent to lane 7 in [D]).
for a longer period of time, a larger portion of the Crt1 weakly induced immediately upon the presence of DNA
damage to provide a buffer against spurious transcrip-pool will become inactive and now higher affinity X
boxes will become unoccupied, resulting in further in- tional activation of the pathway. Only a very strong or
prolonged DNA damage signal would fully induce CRT1duction of damage response genes. This allows the re-
sponse to be controlled like a variable resistor, gauged expression by relieving binding to the strong X box,
consistent with the timing of Crt1 accumulation in re-to precisely respond to the degree of damage present.
In addition, inherent in this circuit is a timing mechanism: sponse to MMS treatment (Figure 5D). Delaying full acti-
vation of CRT1 until Crt1 levels have been fully depletedby varying the strength of the weakest X box within a
promoter, the cell can control the timing and order of ensures that the cell mounts a full transcriptional re-
sponse before the feedback control mechanism beginsgene induction.
to be fully enforced.
The results presented here lead us to a model for theFeedback Control of the DNA Damage±Induced
Transcriptional Response regulation of the RNR genes (Figure 6). In response to
DNA damage, cells activate a kinase cascade resultingPerhaps the most surprising observation in this study
was the identification of multiple X boxes in the CRT1 in the Mec1-dependent activation of the Rad53 and
Dun1 protein kinases. The activation of these kinasespromoter and the determination that CRT1 is autoregu-
lated. We have mutated the X boxes in the CRT1 pro- in turn leads to the phosphorylation of Crt1. We do not
know if Crt1 is a direct substrate of these kinases or ifmoter and shown that they confer CRT1-dependent re-
pression on CRT1 itself (M. H. and S. J. E., data not other kinases are also involved in Crt1 phosphorylation.
Crt1 phosphorylation results in inactivation of its abilityshown). The expression level of CRT1 is very low in wild-
type cells but is inducible by DNA damaging agents, to bind DNA, causing activation of promoters containing
X-box elements. The timing and extent of induction ofindicating that it is under repression in the absence
of DNA damage. Another unusual feature of the Crt1- target genes are controlled by the number and strength
of the X boxes in their promoters. The CRT1 mRNA isbinding sites in CRT1 is that it has a very weak site
paired with a very strong one. Thus, it is likely to be also transcriptionally induced, increasing the levels of
Crt1 Is a DNA Damage Checkpoint Effector
603
repression will be responsible for transcriptional induc-
tion of p53-independent DNA damage-inducible genes.
Other components of the pathway such as the Mec1
homologs ATM and ATR are conserved and involved in
the DNA damage response. Furthermore, the ribonucle-
otide reductase genes in mammals are also inducible
in response to DNA damage. Downstream effectors of
the cell cycle arrest branch of the checkpoint such as
Chk1 are also conserved (Flaggs et al., 1997; Sanchez
et al., 1997). Unlike Crt1, the RFX homologs that do exist
are positively acting, and it is not known whether they
are also regulated by phosphorylation to modulate MHC
expression. However, the possibility they could act as
repressors in certain contexts remains to be explored.
Experimental Procedures
Yeast Strains
Yeast strains used in this study are listed as follows: Y80, MATa,
can1-100, ade2-1, his3-11,15, leu2-3,112, trp1-1, ura3-1; Y81,
MATa, can1-100, ade2-1, his3-11,15, leu2-3,112, trp1-1, ura3-1;
Y203, MATa, ade2-1, his3, leu2-3, 112, lys2, trp1, ura3-D100,
rnr3::RNR3-URA3-TRP1; Y205, MATa, ade2-1, his3, leu2-3, 112,
lys2, trp1, ura3-D100, rnr3::RNR3-URA3-LEU2; Y206, Y203 1 pZZ13
(HIS3); Y207, Y205 1 pZZ13 (HIS3); Y209, MATa, ade2, his3, leu2-
3,112, lys2, trp1, ura3-D100, rnr3::RNR3-URA3-TRP1; Y211, as
Y207, crt1-111; Y212, MATa/MATa, ade2-1/ade2-1, his3/his3, leu2-
3,112/leu2-3, 112, lys2/lys2, trp1/trp1, ura3-D100/ura3-D100, rnr3::Figure 6. A Schematic Representation of the Signal Transduction
RNR3-URA3-TRP1/rnr3::RNR3-URA3-TRP1; Y214, as Y203, crt1-Pathway Leading to the Transcriptional Induction of Crt1-Regulated
14; Y217, as Y203, tup1/crt4-2; Y231, as Y203, ssn6/crt8-91; Y243,Genes
MATa, ade2-1, his3, leu2-3,112, lys2, trp1, ura3-D100, rnr3::RNR3-
URA3-TRP1, crt1-D1::LEU2; Y286, as Y80, dun1-D100::HIS3; Y290,
as Y203, dun1-D100::HIS3; Y324, as Y81, rad53-D1::HIS3, pJA92
Crt1. As the DNA damage is repaired, the kinase activa- (URA3 CEN RAD53); Y301, as Y80, rad53-21; Y306, as Y80, mec1-
21; Y577, as Y80, crt1-D1::LEU2; Y578, as Y80, dun1-D100::HIS3;tion signal is diminished, and increased levels of active
Y580, MATa, can1-100, ade2-1, his3-11,15, leu2-3,112, ura3-1;Crt1 facilitate rapid restoration of the repressed state.
Y581, as Y580, mec1; Y582, as Y81, mec1-D1::HIS3, pBAD45 (URA3
CEN MEC1); Y583, as Y81, crt1-D1::LEU2, rad53-D100::HIS3, pJA92
Conservation of DNA Damage Response (URA3 CEN RAD53); Y584, as Y81, crt1-D1::LEU2,mec1-D100::HIS3,
pBAD45 (URA3 CEN MEC1); Y585, as Y80, LEU2, rnr1-240; Y586,Strategies throughout Evolution
as Y80, LEU2, rnr2-68; Y587, as Y80, crt5/pol1-262; Y588, as Y80,This model is strikingly reminiscent of the SOS response
crt1-D1::LEU2::CRT1-12XMYC-HIS3; Y589, as Y80, crt1-D1::LEU2::of E. coli. LexA, the repressor of the SOS response
CRT1-12XMYC-HIS3, mec1; MCY829, MATa, his3D200, lys2-801,
genes in E. coli, is also under the negative control by its ura3-52; MCY1974, MATa, ade2-1, his3D200, lys2-801, trp1D1, ura3-
own product (reviewed by Walker, 1985). DNA damage 52, ssn6D9; TWY397, MATa, his7, leu2, trp1, ura3; TWY308, MATa,
signals activate the RecA protein, which subsequently mec1-1, ura3, trp1.
CRT1 deletion strains were generated by transplacement using acatalyzes the autoproteolysis of LexA and releases re-
5.5 kb SacII-XhoI crt1-D100::LEU 2 fragment from pZZ132. Y588pression of its own promoter as well as the promoters
was generated by integrating CRT1-12xMYC on BstEII-linearizedof other damage-inducible genes. Derepression of LexA
pMH228(HIS3) into the crt1-D100::LEU2 locus in Y577.
expression upon DNA damage has a buffering effect in To generate the crt1dun1 double mutant, DUN1 was replaced in
preventing an extensive SOS response to minor damage Y211 by the dun1-D100::HIS3 allele as described (Zhou and Elledge,
and in speeding the system to recover to repression 1993). The remaining crt dun1 double mutants were derived from
crosses between crt and dun1 mutants. No viable crt6-68dun1-3state once the damage signal is gone. The conservation
double mutant spores were obtained from tetrad analysis of CRT6/of this feedback regulatory strategy from prokaryotes
crt6-68, DUN1/dun1-3 diploids, indicating synthetic lethality. Doubleto eukaryotes indicates that the DNA damage response
mutants between dun1 and crt5, crt7, and crt9 display a Dun2 phe-
is a potentially deleterious regulatory state that is impor- notype (i.e., growth on plates containing HU and 5-FOA), indicating
tant to be quickly down-regulated once the cell has that CRT5, CRT7, and CRT9 act upstream of DUN1. On the contrary,
successfully achieved DNA repair. This basic feedback double mutants between dun1 and crt1, crt4, and crt8 display a
Crt2 phenotype (i.e., failure to grow on plates containing 5-FOA),strategy is also utilized in mammalian cells in that one
indicating that CRT1, CRT4, and CRT8 are epistatic to DUN1.of the transcriptional targets of p53 is Mdm2, a negative
regulator of p53's transcriptional activity and stability
Cloning of CRT1 and CRT9(Haupt et al., 1997; Kubbutat et al., 1997). In this case,
CRT1 was cloned using a yeast genomic library in a TRP1 centro-the signal transducer is positively acting and has incor-
meric plasmid (a gift from C. Connelly and P. Hieter). The Crt12porated a separate inhibitory loop into its regulatory
complementing activity was further localized to a 3.0 kb fragment
circuit. in pZZ125, which predicts an open reading frame (ORF) of 811 amino
It is not yet known whether a Crt1 homolog exists in acids, with two ATG 40 codons apart in the N terminus. The shorter
771 amino acid ORF is fully functional because an 8 bp insertionhigher eukaryotes or whether relief of transcriptional
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between the first two ATGs, which destroys the longer ORF but GM44664, and a Welch grant Q1187 to S. J. E.; S. J. E. is an Investiga-
tor with the Howard Hughes Medical Institute.leaves the shorter ORF intact, still fully complements the crt1 mutant
phenotype.
The CRT9 gene was cloned by complementing the HU-sensitive
Received March 23, 1998; revised July 22, 1998.and temperature-sensitive phenotypes of crt9-216. Further subclon-
ing and frame-shift mutagenesis confirmed that CRT9 is identical
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